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ABSTRACT Phospholipid vesicles containing ponticulin have been used to form solid supported and tethered bilayer lipid
membranes. The ponticulin serves as both a nucleation site for actin polymerization as well as a binding site for F-actin. Studies
of F-actin binding to such bilayers have demonstrated the formation of an in vitro actin scaffold. The dissociation constant for the
binding of F-actin ﬁlaments to a ponticulin-containing tethered bilayer was found to be 11 6 5 nM, indicative of high afﬁnity
binding.
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The cytoskeleton found in eukaryotic cells is usually
anchored to the plasma membrane by protein complexes, an
example of which is the dystroglycan/dystrophin complex.
However, in Dictyostelium discoideum, this role is carried
out by a single protein, ponticulin (1). Ponticulin has a
molecular weight of ;17000 and is a Type VI membrane
protein (2). It spans the plasma membrane, and also has a
glycosyl-phosphatidylinositol anchor (3). Its main role within
D. discoideum is to anchor the actin network to the plasma
membrane, although it is also known to act as a nucleation
site for the polymerization of G-actin (4). Sackmann et al.
have previously studied actin networks on lipid bilayers
using membrane associated proteins and charged lipids (5).
However, here we show that the transmembrane protein
ponticulin can be incorporated into planar supported and
tethered phospholipid bilayers and can be used to create an in
vitro mimic of the cytoskeletal scaffold. This opens new
opportunities to study cytoskeletal function on planar sur-
faces, making them amenable to the wide battery of surface
analytical techniques currently available.
D. discoideum was grown axenically and the ponticulin
extracted following the scheme of Chia et al. (4). An F-actin
sedimentation assay performed upon the extract showed that
the major actin binding protein present was ponticulin. The
ponticulin-containing extract was reconstituted into egg-
derived phosphatidyl choline (egg-PC) lipid vesicles by
detergent solubilization and dilution (6). This technique gen-
erates vesicles ranging in diameter (from 80 nm to 2mm). Incu-
bation of such vesicles with F-actin leads to vesicle decoration
of the ﬁlaments (Fig. 1). Analyses of such micrographs show
that;85% of the ponticulin-containing vesicles are in contact
with the F-actin ﬁlaments. In contrast, if ponticulin is not
present in the vesicles only ;16% of vesicles are in close
proximity to the ﬁlaments.
These egg-PC vesicles were used to form solid supported
phospholipid bilayers, on clean glass coverslips. Their ﬂu-
idity was determined from ﬂuorescence recovery after photo-
bleaching experiments, by incorporating 1% of a ﬂuorescently
labeled lipid (NBD-PC) (7–9). When 6% (w/w) ponticulin-
containing extract is included, the ﬂuidity of the bilayer drops
from 2.7 6 0.3 3 108 cm2/s, for pure egg-PC bilayers, to
1.46 0.33 108 cm2/s. Previously reported values for ﬂuid
phase egg-PC bilayers are between 2 and 10 3 108 cm2/s
(10).
Fig. 2 shows the results of studies of F-actin binding to
both solid-supported and tethered lipid bilayer membrane
systems (both with and without ponticulin). Comparison of
Fig. 2, b and f, clearly demonstrates that the presence of
ponticulin dramatically increases the amount of actin irre-
versibly bound to the membrane surface.
Tethered lipid bilayer membranes can also be formed from
ponticulin-containing vesicles. Here mixed self-assembled
monolayers (SAM) containing 40% Eo3-cholesterol and
60% mercaptoethanol (by surface coverage) were formed via
adsorption from a 1 mM propanol solution (11,12). This
gives rise to ;60% of the surface area being covered by a
phospholipid bilayer, whereas the remainder is a hybrid
bilayer consisting of a phospholipid monolayer adsorbed
onto the hydrophobic cholesterol regions. Our previous sur-
face plasmon resonance studies on egg-PC bilayers leads one
to expect a change in thickness, after bilayer formation, of
39 6 1 A˚ (12). With ponticulin-containing bilayers we ﬁnd
an average adsorbed layer thickness of 42 6 1 A˚. This close
agreement is expected because there is ,6% protein present
within the bilayer.
After interaction with F-actin we ﬁnd in the case of pure
egg-PC, only a small amount of nonspeciﬁc binding, equiv-
alent to an average increase in thickness of 0.66 0.5 A˚ (Fig.
2 d). In the presence of ponticulin, however, the effective
thickness increase, associated with the binding of the F-actin,
is 9.36 1.3 A˚ (Fig. 2 h). If it assumed that the actin is present
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as a planar network situated on the bilayer, with an average
ﬁlament diameter of 7 nm, an estimate for the percentage
surface coverage can be made. In the absence of ponticulin
the actin surface coverage is calculated to be 0.9%, whereas in
the presence of ponticulin, it is calculated to be 13%.
By measuring the amount of adsorbed material (change in
SPR resonance position) as a function of actin concentration
one can determine the dissociation constant (Kd) for the
interaction of F-actin ﬁlaments with a ponticulin-containing
egg-PC lipid bilayer. Fig. 3 shows the equilibrated change in
thickness versus actin concentration (where actin concentra-
tion refers to the concentration of G-actin before polymer-
ization). The change in thickness was determined from the
plot of the adsorbed layer thickness versus time (Fig. 3,
inset). The Hill equation was used to ﬁt the data using an it-
erativemethod fromwhichKd was calculated to be 116 5 nM.
This suggests relatively high afﬁnity binding between the
ponticulin-containing lipid bilayer and the prepolymerized,
and stabilized, F-actin ﬁlaments. This is the ﬁrst estimate of
the ponticulin-actin dissociation constant and places ponti-
culin toward the high afﬁnity end in the range of actin
binding proteins (13–17).
In conclusion, we have shown that the transmembrane
protein, ponticulin, acts as an anchor for the actin scaffold
both on glass and SAM modiﬁed gold supports. The ability
to create mimics of the actin cytoskeletal scaffold on
FIGURE 1 Transmission electron micrographs showing the
decoration of F-actin ﬁlaments with ponticulin-containing egg-
PC phospholipid vesicles. Scale bars represent 100 nm.
FIGURE 3 A plot showing the thickness of bound actin
(measured by surface plasmon resonance spectroscopy) versus
actin concentration, for a ponticulin-containing lipid bilayer. The
data were ﬁtted (red line) using the Hill equation. The inset shows
kinetic data after the sequential addition of increasing quantities
of F-actin. Arrows mark times of actin addition.
FIGURE 2 The interaction of F-actin with solid supported and tethered egg-PC lipid bilayers in the absence (a–d) and presence
(e–h) of ponticulin. Panels b and f are ﬂuorescence micrographs (post rinse) showing rhodamine-labeled, bound F-actin ﬁlaments.
Panels d and h show typical plots for the change in adsorbed material as determined by surface plasmon resonance studies.
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supported and tethered bilayers provides a model platform
for studying the in vivo behavior of the cytoskeleton.
ACKNOWLEDGMENTS
We are grateful to Jakob Franke, Dicty Stock Center, Columbia University,
for supplying us with Dictyostelium discoideum, strain AX3-K. We are also
grateful to Professor Elizabeth Luna and Dr. Anne Hitt for supplying
antibody and advice. B.R.G.J. acknowledges support from the Engineering
and Physical Sciences Research Council.
REFERENCES and FOOTNOTES
1. Wuestehube, L. J., and E. J. Luna. 1987. F-actin binds to the cytoplasmic
surface of ponticulin, a 17-Kd integral glycoprotein from Dictyostelium-
discoideum plasma membranes. J. Cell Biol. 105:1741–1751.
2. Hitt, A. L., T. H. Lu, and E. J. Luna. 1994. Ponticulin is an atypical
membrane-protein. J. Cell Biol. 126:1421–1431.
3. Howell, S., and P. Crine. 1996. Type VI membrane proteins? Trends
Biochem. Sci. 21:171–172.
4. Chia, C. P., A. Shariff, S. A. Savage, and E. J. Luna. 1993. The integral
membrane-protein, ponticulin, acts as a monomer in nucleating actin
assembly. J. Cell Biol. 120:909–922.
5. Behrisch, A., C. Dietrich, A. A. Noegel, M. Schleicher, and E.
Sackmann. 1995. The actin-binding protein hisactophilin binds in vitro
to partially charged membranes and mediates actin coupling to mem-
branes. Biochemistry. 34:15182–15190.
6. Jiskoot, W., T. Teerlink, E. C. Beuvery, and D. J. A. Crommelin. 1986.
Preparation of liposomes via detergent removal from mixed micelles by
dilution. The effect of bilayer composition and process parameters on
liposome characteristics. Pharm. Weekbl. Sci. 8:259–265.
7. Axelrod, D., D. E. Koppel, J. Schlessinger, E. Elson, and W. W. Webb.
1976. Mobility measurement by analysis of ﬂuorescence photobleach-
ing recovery kinetics. Biophys. J. 16:1055–1069.
8. Stelzle, M., R. Miehlich, and E. Sackmann. 1992. Two-dimensional
microelectrophoresis in supported lipid bilayers. Biophys. J. 63:1346–
1354.
9. Salafsky, J., J. T. Groves, and S. G. Boxer. 1996. Architecture
and function of membrane proteins in planar supported bilayers: a
study with photosynthetic reaction centers. Biochemistry. 35:
14773–14781.
10. Kalb, E., S. Frey, and L. K. Tamm. 1992. Formation of supported planar
bilayers by fusion of vesicles to supported phospholipid monolayers.
Biochim. Biophys. Acta. 1103:307–316.
11. Boden, N., R. J. Bushby, S. Clarkson, S. D. Evans, P. F. Knowles, and
A. Marsh. 1997. The design and synthesis of simple molecular tethers
for binding biomembranes to a gold surface. Tetrahedron. 53:10939–
10952.
12. Williams, L. M., S. D. Evans, T. M. Flynn, A. Marsh, P. F. Knowles,
R. J. Bushby, and N. Boden. 1997. Kinetics of the unrolling of small
unilamellar phospholipid vesicles onto self-assembled monolayers.
Langmuir. 13:751–757.
13. Goldschmidtclermont, P. J., L. M. Machesky, S. K. Doberstein, and
T. D. Pollard. 1991. Mechanism of the interaction of human platelet
proﬁlin with actin. J. Cell Biol. 113:1081–1089.
14. Coue, M., S. L. Brenner, I. Spector, and E. D. Korn. 1987. Inhibition of
actin polymerization by latrunculin A. FEBS Lett. 213:316–318.
15. Nakamura, F., L. Huang, K. Pestonjamasp, E. J. Luna, and H.
Furthmayr. 1999. Regulation of F-actin binding to platelet moesin in
vitro by both phosphorylation of threonine 558 and polyphosphatidy-
linositides. Mol. Biol. Cell. 10:2669–2685.
16. Roy, C., M. Martin, and P. Mangeat. 1997. A dual involvement of the
amino-terminal domain of ezrin in F- and G-actin binding. J. Biol.
Chem. 272:20088–20095.
17. Yao, X., L. Cheng, and J. G. Forte. 1996. Biochemical characterization
of ezrin-actin interaction. J. Biol. Chem. 271:7224–7229.
Biophysical Journal: Biophysical Letters L23
Biophysical Journal: Biophysical Letters
